A viable axion from gauged flavor symmetries by Berenstein, David & Perkins, Erik
ar
X
iv
:1
00
3.
42
33
v2
  [
he
p-
th]
  1
 Ju
l 2
01
0
A viable axion from gauged flavor symmetries
David Berenstein and Erik Perkins
Department of Physics, University of California at Santa Barbara, CA 93106
We consider a string inspired non-supersymmetric extension of the standard model with gauged
anomalous U(1) flavor symmetries. Consistency requires the Green-Schwarz mechanism to cancel
mixed anomalies. The additional required scalars provide Stu¨ckelberg masses for the Z′ particles
associated to the gauged flavor symmetry, so they decouple at low energies. Our models also
include a complex scalar field φ to generate Froggatt-Nielsen mass terms for light particles giving a
partial solution to the fermion mass problem. A residual approximate (anomalous) global symmetry
survives at low energies. The associated pseudo-Goldstone mode is the phase of the φ scalar field,
and it becomes the dominant contribution to the physical axion. An effective field theory analysis
that includes neutrino masses gives a prediction for the axion decay constant. We find a simple
model where the axion decay constant is in the center of the allowed window.
PACS numbers: 14.80.Va,11.25.Wx
Introduction
The standard model fails to explain the smallness of
both the QCD vacuum angle and the Yukawa couplings
for light fermions. The Peccei-Quinn symmetry is a clas-
sic mechanism which addresses the smallness of the vac-
uum angle [1], and its low energy consequences are an
axion whose properties can be predicted [2, 3]. Such sim-
ple models are ruled out by data. To generate a viable
axion the Peccei-Quinn symmetry has to be broken at
scales much higher than the electroweak scale, producing
an invisible axion.
By contrast the Froggatt-Nielsen mechanism [4] pro-
vides a way to obtain small masses for light fermions
while maintaining O(1) Yukawa couplings by adding a
gauged symmetry for flavor physics. Different Yukawa
couplings contain different powers of the order parameter
for symmetry breaking, generating hierarchies between
fermion masses.
In this paper we discuss simple string-inspired models
that connect these two mechanisms. In string models all
symmetries should be gauged. Finding systems with ap-
proximate global symmetries usually requires fine tuning
and this is considered unnatural. However, it turns out
that in open string models it is possible to have approx-
imate global gauge symmetries that are inherited from
a gauge symmetry at a higher scale if the associated
gauge bosons acquire a Stu¨ckelberg mass [5]. We will
refer to this phenomenon as the Iban˜ez-Quevedo mecha-
nism. If the corresponding gauge symmetry is anoma-
lous, the Green-Schwarz anomaly cancellation mecha-
nism will provide mass terms of that sort rendering the
theory consistent.
If the symmetry we are gauging is a flavor symmetry
a la Froggatt-Nielsen, then the fermion mass generation
requires an additional spontaneous symmetry breaking
of the approximate global symmetry resulting in a light
pseudo-Goldstone boson that can be identified with the
physical axion.
The precise string inspiration for this model comes
from studying intersecting D-brane setups (see [6] for a
review). The matter content of these models is usually
presented as a quiver (or moose) diagram. We will follow
these conventions. To simplify the analysis we will insist
on requiring only the minimal particle content that is able
to accommodate the flavor hierarchy generation mecha-
nism at the level of effective field theory. The model we
write is closely related to the ‘Minimal Quiver Standard
Model’ introduced in [7]. The effective field theory will
have high dimension operators suppressed by some high
scale M . For simplicity we will call such scale the string
scale, although the model does not need to have a precise
string theory origin. We find that if the neutrino masses
are included in the analysis, we are able to determine
both M and the Froggatt-Nielsen (Peccei-Quinn) sym-
metry breaking scale, and this gives a prediction of the
energy scale of the axion decay constant.
In [8] a similar scheme of incorporating axions into a
Froggatt-Nielsen mechanism is discussed. The authors
use a rather different device to break the PQ symmetry,
resulting in Higgs-axion mixing and axion masses and
couplings which are not strongly determined by the axion
decay constant. These features are not exhibited by the
physical axion appearing in our model. Also, the model
in [8] is supersymmetric, while ours is not.
Axions are a generic feature of stringy models, existing
to cancel gauge anomalies via the Green-Schwarz mech-
anism. These axions are typically eaten by the gauge
bosons whose anomalies they cure. Finding realistic ax-
ions in stringy models is not always easy, but one can not
rule them out either [9]. Experimentally, there is a nar-
row ‘axion window’ which constrains the decay constants
of these particles to lie between 109 and 1012 GeV. The
upper bound arises from cosmological considerations, in
order to avoid overclosing the early universe. The lower
bound comes from limits on energy dissipation from var-
ious stellar processes. This is reviewed in [10]. We find
that in one of the models we study the axion decay con-
2stant falls exactly in this window, while other models
can be ruled out because the corresponding axions are
not allowed.
The Models
We want a model that contains the standard model
and some gauged flavor symmetries. Considerations of
embedding the model into D-brane setups places various
constraints on us. First, for just the standard model, the
SU(3) gauge color symmetry is required to be enhanced
to U(3) with gauged baryon number at the string scale.
Furthermore, having a realistic model with minimal mat-
ter content requires an orientifold setup with two extra
stacks of branes: one for the SU(2)W ≃ Sp(1) weak the-
ory and an extra brane for a gauged U(1) symmetry,
so that the theory has a U(1) × U(1) gauge symmetry.
Only hypercharge is a non-anomalous gauged symmetry.
The other U(1) symmetry has mixed anomalies that are
cancelled by the four dimensional version of the Green-
Schwarz mechanism [11]. This produces a heavy Z ′ and
it is possible to generate all couplings in the standard
model at tree level, so that the only new physics is the
presence of a heavy Z ′. These considerations produce the
minimal quiver model [7].
Now, we want to make the model richer by adding a
gauged flavor symmetry that distinguishes various quarks
from each other. The simplest such extension requires
only one more U(1) gauge field, so that we have a model
with four stacks of branes. Vanishing of anomalies can
be used to fit the fermions of the standard model with
two up quarks and one down quark at one node, and the
opposite arrangement at the other node. At this stage,
we need to fit the Higgs doublet. There are two choices:
the Higgs can generate Yukawa couplings for leptons at
dimension four or not, while it will for certain generate
Yukawas at dimension four for some quarks. We choose
these to be the heavy quarks. Given this constraint, we
need to communicate the electroweak symmetry breaking
to the rest of the quarks that connect to the node where
the Higgs field is absent. We do this by introducing a new
complex scalar field φ between the two U(1) nodes that
is neutral under the standard model. This field might
also be necessary to communicate electroweak symmetry
breaking to the lepton sector. We will call φ the Froggatt-
Nielsen (FN) scalar. These are depicted in table I.
u¯
1,2
R d¯
1
R u¯
3
R d¯
2,3
R eL e¯R φ h
A,B
U(1)a +1 -1 0 0 0 -1 +1 +1, 0
U(1)b 0 0 +1 -1 +1 -1 -1 0, +1
TABLE I: Charges under the Frogatt Nielsen symmetry. For
the Higgs, we have two choices: we call the two models A,B
Sp(1)
U(1)a
U(3)
U(1)b
q
lhA hB
e¯
φ
FIG. 1: Quiver with extra scalar φ. The two choices for the
Higgs doublet are labeled by the dotted lines and the model
the represent hA,B (for the A,B models respectively). Note
that if we add arrows to φ to indicate U(1)ab charges, they
are different from those of the right handed electron.
In the full model a U(1)3 symmetry is gauged. These
include U(1)B, U(1)a, U(1)b. Hypercharge U(1)Y is a lin-
ear combination of these. Only the right handed quarks
and leptons are charged under U(1)ab, which is the set
of gauge groups under which the scalar φ is charged.
We only show these in the table. Figure 1 shows the
matter content in quiver form; arrow directions indicate
fields in (anti)fundamental representations, e.g. up-type
right-handed quarks are represented by→→ edges, while
down-type quarks are represented by ←→ edges. Both
choices of Higgs doublet are also shown, corresponding
to two different models.”
Given the quantum numbers we have described, the
minimal set of couplings that generate all Yukawa cou-
plings, including masses for left-handed neutrinos is en-
coded in the table II. These encode the two possible
Higgs embeddings into the quiver. The high dimension
operators (we will call these the Froggatt-Nielsen terms of
the action) are suppressed by some high scale, M , which
we take to be the string scale. This is a minimality as-
sumption in order to be predictive.
Fields which obtain masses through Froggatt-Nielsen
couplings have their masses suppressed by powers of M ,
so we interpret these as the light fields. Note that we have
included the charm as a ‘light’ quark and the strange as
a ‘heavy quark’ in model B; model A reflects the usual
quark mass hierarchy. In model B, the masses of the
lepton fields are suppressed, and are in the same range
as those of the light quarks, which roughly mimics the
observed mass hierarchy.
Following the usual Froggatt-Nielsen approach, we as-
sume that all scalar-fermion couplings are of order 1.
This is certainly true for the top quark in the standard
model. The Higgs field h breaks electroweak symmetry
at the usual scale v = 246 GeV. We can get an order
3Model A Dimension 4 couplings
Quarks: yth
†qt¯+ ych
†qc¯+ ybhqb¯
Leptons: yehle¯
High dimension couplings
Quarks: yu
M
φh†qu¯+ ys
M
φ†hqs¯+ yd
M
φ†hqd¯
Leptons: yν
M3
φ2(h†l)2
Model B Dimension 4 couplings
Quarks: yth
†qt¯+ yshqs¯+ ybhqb¯
Leptons: −
High dimension couplings
Quarks: yu
M
φ†h†qu¯+ yd
M
φhqd¯+ yc
M
φ†h†qc¯
Leptons: ye
M
φhle¯+ yν
M
(h†l)2
TABLE II: List of allowed couplings
of magnitude estimate on both 〈φ〉 and M ; we use the
masses of the heaviest quarks and leptons with couplings
of order one, and assuming that the heaviest neutrino sat-
urates the upper bound mντ ≤ 2 eV on neutrino masses,
we find that
Model A: 〈φ〉 ≃
m3s
mtmντ
≃ 5× 103GeV (1)
M ≃
m2s
mντ
≃ 3× 106GeV (2)
Model B: 〈φ〉 ≃
mtmc
mντ
≃ 1011GeV, (3)
M ≃
m2t
mντ
≃ 1013GeV (4)
Notice that we have been able to predict all relevant
scales for the model from known data. The reason for
this is that we have used the neutrino masses to find
the scale of new physics, since it is the one parameter
in the standard model that is sensitive to the high scale
physics. If in a given model the neutrino masses have a
different origin than the sting scale or the Frogatt-Nielsen
scale, the above constraints change and tend to push the
string scale higher. At this stage we should ask what
is the physical implication of these deductions for low
energy physics. Before we do that, we need to examine
the effective field theory more carefully.
Anomalies and the physical axion
The U(1)a,b,c charges Qa,b,c have mixed U(1)SU(2)
2
and U(1)SU(3)2 anomalies. One linear combination of
these charges is anomaly free, and there is some free-
dom to define the two other, anomalous combinations.
We take the anomalous U(1) charges to be orthogonal to
the anomaly-free charge. The linear combination QY =
1
6
(Qc − 3Qa − 3Qb) is anomaly-free, and corresponds to
the electroweak hypercharge. This charge couples to the
anomaly-free gauge field Yµ = PuaAµ + PubBµ + PucCµ,
for some mixing parameters Pij .
The other two U(1) gauge fields are anomalous and
we will call them Z˜1,2µ . Their anomaly is cancelled
via the Green-Schwarz mechanism. This requires the
introduction of additional pseudoscalar fields s1,2 with
axion-like couplings to the Standard model gauge fields.
These pseudoscalar fields transform non-linearly under
the anomalous U(1)2 gauge transformations. Their gauge
invariant kinetic term is of the form
1
2
Kij(∂µs
i − Z˜iµ)(∂µs
j − Z˜jµ) (5)
and the scale of K is close to M2. Since the scalars
transform non-linearly, we can choose the unitary gauge
where s1,2 are constant. In this gauge the Z˜ are clearly
seen to acquire a Stu¨ckelberg mass of order M , so they
can be integrated out of the low energy effective theory.
At tree level, this process produces only current-current
interactions for the U(1)2 gauge fields that have been in-
tegrated out, but these currents are invariant under the
anomalous U(1)’s. Starting from this simple action, the
low energy effective theory seems to have a U(1)2 sym-
metry in the lagrangian, but in this case this symmetry is
anomalous. This is a particular realization of the Iban˜ez-
Quevedo mechanism [5]. This mechanism is usually used
to guarantee a long lifetime for the proton, but it serves
generically to produce approximate global symmetries in
the infrared effective theory. Basically, for low energy
questions one can pretend that the gauged symmetries
with Stu¨ckelberg masses are just global symmetries of
the field theory that are broken only non-perturbatively.
One of these symmetries is baryon number (this is used
to prevent proton decay), while the other symmetry is the
Froggatt-Nielsen symmetry of our lagrangian. The field
φ is then a scalar field that breaks the Froggatt-Nielsen
symmetry, and we get an additional Goldstone boson
for this symmetry breaking. Notice that if the U(1)FN
gauge symmetry were non-anomalous, this Goldstone bo-
son would have been eaten by the Froggatt-Nielsen gauge
field and there would be no low energy remnant. This is
because having a Stu¨ckelberg mass for the gauge field
would not be required by anomaly cancellation. Also,
since the symmetry that is broken is anomalous in the low
energy effective theory, the symmetry is not a true sym-
metry of the lagrangian anyhow and non-perturbative ef-
fects will lift the symmetry producing a potential for the
would-be Goldstone boson. Such terms can be traced
to the original lagrangian and they require corrections
to the potential of the form V (φ exp(is), φ∗ exp(−is)), as
described in [8]. These terms are not allowed by pertur-
bative computations in string theory so they can only be
generated by D-brane instantons (see [12] for a review
of instanton computations). This means that the would
be Goldstone boson is very light and gives rise to a light
4invisible axion [13, 14]. If we take the parametrization
φ = r exp(iθ), then θ is the phase of φ that has been
identified with an axion field at intermediate energy.
In general, a more careful analysis of the lagrangian
shows that the field θ will mix with the si fields and that
the vev of φ will also contribute to the mass term of the
Z˜ fields. If the Z˜ fields have a bare mass generated at
the string scale, the new contribution would be a small
correction at the Froggatt-Nielsen scale, so the correction
from mixing of scalars is small and θ plays the role of the
intermediate energy axion. This is what we expect in the
limit of a high string scale - to a good approximation the
physical axion is just the phase of φ, and the axion decay
constant is simply fa = 〈φ〉. This is similar to the [14]
model. However, the couplings to quarks and photons
are different.
Since the Higgs is also charged under the Froggatt-
Nielsen symmetry, when the electroweak theory is bro-
ken, there is in principle a further mixing between φ and
the neutral would-be Goldstone boson from the Higgs
doublet. However, at the level of the effective action at
the weak scale no such terms seem to appear in the effec-
tive potential. Any such mixing would be produced from
mixing with the high scale Z˜ ′ and is very suppressed, by
v2/M2, so it can be safely ignored.
Returning to the estimates for 〈φ〉 ∼ fa of equations
(1,3), we see that the axion decay constant for model
B falls squarely within the nominal axion window, while
that for model A falls several orders of magnitude short
of the lower sill of the axion window. Model B would
have been preferred anyhow because in that model the
leptons have masses comparable to light quarks without
fine tuning.
For completeness, we should discuss interactions of the
axion with matter. There is a standard procedure for ob-
taining these interactions, discussed in detail in [16]. We
need to work in a basis where we have rotated the ax-
ion away from the FN terms using a PQ transformation.
In doing so, we pick up derivative couplings of the ax-
ion to matter fields, as well as PQ anomaly terms for all
of the standard model gauge fields. By a similar proce-
dure [16, 17], one also obtains derivative couplings of the
axion to baryons.
This gives a derivative pseudovector coupling
gaNN(∂µa/fa)N¯γ
µγ5N to nucleons. The rele-
vant couplings for astrophysical bounds on fa are
gapp = −0.54/fa GeV
−1, gann = 0.61/fa GeV
−1 for
model B. These were derived, in the notation of [17],
using F = 0.47, D = 0.81, S = 0.13 [18] (see also the
review [19]). The next interaction to address is photon-
axion coupling. We find that Caγγ ≃ −1.2 is of order
one. Hence the axion couplings to matter are ordinary
(or order one) and there is no accidental cancellation
that can change our estimates of the viability of the
axion model. Similar results can be found for model
A. A more detailed study of these models will appear
elsewhere [20].
To conclude, we find that some string inspired minimal
models for flavor are able to predict axions within the al-
lowed window by assuming that the scale of new physics
(taken as the string scale) is closely related to the scale
at which the neutrino masses are generated. The mod-
els also predict an intermediate string scale that can be
rather light. If the string scale is too light, the axion falls
outside the allowed window and such models are essen-
tially ruled out. It would be interesting to study further
how such models can be embedded in supersymmetric se-
tups so that the hierarchy problem can also be addressed.
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